We utilize quantum-confined Stark-effect in asymmetric double quantum wells (ADQW) to realize coherent detection of broadband THz pulses. For that, broadband THz transients formed by a two-color air plasma are focused onto ADQW, in turn dynamically shifting the ADQW bands, with the bandedge at ~ 825 nm. Spectrally-resolved detection scheme analyzes absorption modulation signatures imprinted onto the transmitted NIR probe spectrum. Use of only few micron thick samples ensures large detection bandwidth, currently demonstrated up to ~ 15 THz. Time-domain analysis of this signal shows pronounced bi-polar (coherent) as well as small unipolar components of the signal.
INTRODUCTION
Broadband coherent detection of field components of the electromagnetic radiation is appealing for multiple reasons, characterization of complex material response function being one of them. Several techniques have been widely used for coherent detection of terahertz (THz) radiation. The electro-optic sampling (EOS) [1] and the photoconductive response [2] [3] are the most established. EOS utilizes linear electro-optic effect (Pockels), where polarization rotation of a probe pulse is induced by the presence of the THz pulse, when both interact inside of a nonlinear medium. The phase matching condition, that phase velocity of the terahertz wave must matches the group velocity of the probe pulse, is critical to achieve broad bandwidth. Since Reststrahlen band of the typical electro-optic crystals is in the THz frequency range, the accompanying strong dispersion limits the bandwidth of EOS [4] . Detection using photoconductive antenna, on the other hand, is limited by the relatively slow response time of the photo-carriers. More recently, coherent detection of THz pulses was reported with laser-induced gas plasma [5] . Requirement of high energy pulses limits the applicability of this technique. In this work, we explore the possibility of coherent THz detection using electro-absorption in bulk and engineered semiconductors, e.g. Asymmetric Double Quantum Wells (ADQW). While the linear electro-optic (Pockels) effect depends on the non-resonant (real) part of the second order susceptibility χ (2) , a complementary linear electroabsorption (Stark effect) depends on the corresponding resonant (imaginary) component of χ (2) . Resonant enhancement renders required interaction lengths much smaller than a phase-matching length without sacrifice of signal amplitude. Thus, the motivation for electro-absorption sampling is a broad-band coherent enhanced second-order nonlinear optical detector. As is shown below, we demonstrated linear electro-absorption response of the ADQW with detection bandwidth in excess of 10THz.
BACKGROUND
In a non-centrosymmetric material, the change of refractive index Δn due to applied DC electric field (E DC ) may be proportional to the field amplitude:
where χ (2) is a nonlinear suspectibility, here taken as a scalar quantity for simplification. By the Kramers-Kronig relationship, the change of absorption Δα is related to Δn by [6] :
Thus, the change of absorption is also linear with the applied E DC :
Quantum confined semiconductor structures offer the benefit of enhanced Х (2) . Previous work has shown that multiple quantum wells (MQW) can be used for coherent (linear) electro-absorption detection under in-plane DC bias [7] , which introduced non-centrosymmetry in the plane of the MQWs. In other experiments, microscopic χ (2) was introduced by asymmetry of the GaAs coupled quantum well structures and linear electro-absorption small DC bias fields [8] . Motivated by the asymmetric double quantum well (ADQW) structures designed in Ref. 8 , we detect transmission change under the THz field of the MQW, utilizing GaAs ADQW. In our experiment, the THz pulse is longer than the probe pulse, and can be treated as quasi-DC electric field. With absorption change linear to the field strength, coherent detection can be achieved by measuring the absorption change (ΔT proportional to Δα) in time domain.
STRUCTURE OF THE ASYMMETRIC DOUBLE QUANTUM WELL
The sample structure we investigated is the same as the previously reported [8] , 90 pairs of GaAs double quantum wells of 5 and 6 nm thicknesses, separated by 2.5 nm of Al 0.3 Ga 0.7 As barrier and grown along (100) direction with 2 degree miscut toward [110] plane (Fig. 1a) . Coupled quantum well pairs are separated by 7.5 nm of Al 0.3 Ga 0.7 As. The sample is grown by MOCVD technique at Sandia National Laboratories, Albuquerque. To induce electro-absorption in the sample, terahertz polarization component parallel to the quantum well growth direction is required. Geometry, such as shown in Figure 1 (b), is thus necessary. For preliminary testing, sample structure was lifted off from the substrate and bonded to BK7.
Emission and absorption spectra of the sample at room temperature are shown in Figure 2 . Observed match of the spectral features to those previously reported for similar structure [8] attests to a good crystal quality of our sample. 
EXPERIMENTAL SETUP
Our laser source is a 1kHz Ti:Sapphire regenerative amplifier with 35fs pulse duration and maximum energy of 3.5mJ (Fig. 3) . A small portion of the laser is used as the electro-absorption probe, while most of the energy is used to generate broadband THz pulses by two-color air-break-down plasma technique [9] [10] . For this, a second harmonic component is generated using a 30μm BBO, minimizing temporal walk-off. Following THz generation in the plasma, residual pump is blocked by a high resistivity silicon filter. A pair of off-axis parabolic metal mirrors is used to collect the generated terahertz and focus it onto the ADQW sample. A through hole at the center of the second off-axis parabolic mirror allows the probe beam to pass and incident on the ADQW collinearly with the terahertz beam. After the sample, probe beam goes through the monochromator, then onto the photodiode. Lock-in detection is utilized for detecting the transmission change. The measured the terahertz beam spot size at focus to be 350μm. Combined with an average terahertz power, as measured by a pyroelectric detector, the estimated peak terahertz field strength is ~ 1MV/cm. Linear spectrum of the generated THz pulses is characterized by an autocorrelation, as measured using a liquid-He cooled Si bolometer. Figure 4 depicts a typical autocorrelation and corresponding Fourier transform of our THz pulses shows broadband spectral components in excess of 15 THz. 
RESULTS AND DISCUSSION
As an initial test, THz pulses were normal incident on the sample, thus no signal was expected (Fig 1b) . On the contrary, pronounced bipolar and broadband signal, such as shown in Figure 5 , was observed. Time domain signal averages to nearly zero, implying that signal proportional to the E THz is observed. To verify this, we measured the peak of the electro-absorption signal versus the THz power using a pyroelectric detector. As expected for coherent detection, signal is linear with √ (Fig. 6a) . Finally, coherent detection is confirmed by a close match in the comparison of electro-absorption and autocorrelation spectra (Fig. 6b) . Comparison between electro-absorption spectrum and terahertz autocorrelation spectrum by bolometer, note matching features of water-vapor absorption lines, e.g. at ~ 10 THz. We wish to emphasize that in these experiments, THz field has no component along the quantum well growth direction, implying that the quantum well asymmetry does not contribute to the observed electro-absorption response. Under tight focusing geometry, a non-zero THz field component could, in principle, serve as a longitudinal bias of the ADQW samples. To test for this possibility, we have performed experiments on identical sample, except with symmetrized thickness (5nm) of the coupled quantum wells. Figure 7 shows pronounced and estimated comparable electro-absorption signal from these symmetric wells. This proves that coupled quantum well asymmetry plays no role in the observed electro-absorption signals. We note that the data presented in Fig. 7 is not directly comparable to those in Figure 5 and 6, due to recent but prolonged repairs and associated sub-optimal performance of our regenerative amplifier. We can estimate however that the bipolar electro-absorption signal from the symmetric quantum wells is within a factor < 2 from that of the ADQW, thus confirming the microscopic χ (2) of the quantum wells does not explain the observed response. Figure 7 . Electro-absorption signal from symmetric quantum wells; modulation in transmission is comparable to observed electro-absorption signal form ADQW (e.g. Fig. 5 ).
Finally, we note that linear electro-absorption can arise from imaginary part of χ (2) of bulk GaAs. While zinc-blende crystals (e.g. GaAs) possess no χ (2) along the [100] direction, our GaAs QW samples are 2 degrees miscut toward electrooptically active [110] direction. To identify the role of this miscut, we study azimuthal dependence of the electroabsorption signal, as shown in Figure 8 . The observed dependence qualitatively matches azimuthal dependence of a complimentary THz optical rectification signals in [110] GaAs [11] . Furthermore, estimated maximum transmission change Δα = 4π χ (2) E THz /(λn) yields ~ 30% for E THz ~ 1 MW/cm, λ = 800 nm and refractive index n ~ 4, when full nonlinearity along [110] is accessed in GaAs. [12] This estimate is in accord since current signal levels are ~ 1% modulation for a 2 deg miscut quantum wells. While these results are still preliminary and warrant further investigation, the observed qualitative agreement does suggest that miscut might be responsible for the observed linear electroabsorption signals. 
SUMMARY AND OUTLOOK
We have demonstrated coherent broadband detection of THz pulses using multiple quantum well structures without longitudinal field component. While the physics of the detection mechanism is still under investigation, the experimental evidence suggests a possibility of electro-absorption resulting from intrinsic Im(χ (2) ) of bulk GaAs. If correct, growth along the [110] direction should result in significant enhancement of the electro-absorption signal. In addition, reciprocity dictates that weak THz emission and shift current should be also observable from the current structure. These consequences remain to be tested.
To access enhanced nonlinearity along the longitudinal (growth) direction of the asymmetric coupled quantum-wells, THz coupling geometries similar to Figure 1 (b) will also be investigated. Finally, utilizing the advantage of large detection area and no DC bias requirements, we envision a possibility of coherent terahertz imaging (Fig. 9 ). 
